OBJECTIVE: Follow-up after tetralogy of Fallot (ToF) repair is directed to detect timely right ventricular (RV) dysfunction by following pulmonary regurgitation and global RV size, with little attention for the effective contribution of regional RV dysfunction. This study investigates the contribution of regional RV dysfunction on exercise capacity after ToF repair.
INTRODUCTION
The long-term outcome of tetralogy of Fallot (ToF) is commonly determined by the adaptive response of the right ventricular (RV) to the physiological sequelae after right ventricular outflow tract (RVOT) reconstruction [1, 2] . The advent of cardiac magnetic resonance imaging (CMRI) has certainly increased our insights into the pathophysiological development of RV dysfunction resulting from the chronic volume overload by pulmonary valve regurgitation. Usually the RV has been analysed as one entity, irrespective of its natural complex geometry, which is further distorted after surgical repair. Otherwise, the impact of regional RV dysfunction on clinical outcome has predominantly been based on qualitative measures of the RV, such as the presence of a RVOT aneurysm [3] .
However, recent reports have indicated that the functional evaluation of the global RV does not necessarily reflect the true function when the RV components are considered separately. Lytrivi et al. [4] observed that patients after ToF repair had reduced global RV systolic function, merely by decreased function of the infundibulum, while the ejection fraction of the sinus part was preserved and equal to that of normal control subjects. A similar study on the comparison between ToF patients and healthy peers, confirmed that the function of the trabecular part of the RV was maintained, albeit this component absorbed the largest part of the volume overload, and this finding was independent of the surgical technique for RVOT restoration [5] .
In this study, we sought to investigate the effect of the functional contribution of the main anatomical components of the RV on global RV function, quantified by CMRI, and to determine its influence on the clinical status of patients after ToF repair, based on their exercise performance.
METHODS

Study subjects
Out of the cohort of repaired ToF patients currently in follow-up at the Department of Pediatric and Adult Congenital Cardiology, patients were retrospectively included in the study if they had a complete CMRI examination and a clinical evaluation including a reliable exercise test within a 1-year time span. Patients were excluded when (i) they were treated primarily with a valved RVOT conduit, (ii) previous pulmonary valve implantation was performed, (iii) they had a significant residual RVOT obstruction >30 mmHg at last echocardiography and (iv) the time between CMRI and exercise test exceeded 1 year.
Patient data were retrospectively obtained from medical reports including demographic characteristics, surgical details of the primary repair and routine echocardiographic assessment at the approximate date of the CMRI and exercise test in order to exclude significant residual RV pressure load. The study was approved by the ethical committee of the University Hospital of Ghent (registration B670201110922), and informed consent was waived by the retrospective study design.
Cardiac magnetic resonance imaging protocol
Cardiac magnetic resonance imaging was performed with a 1.5-T imager system (Siemens Avanto, Erlangen, Germany). A complete CMRI protocol consisted of ECG-triggered HASTE sequence of images in three orthogonal planes, and balanced field echo cine-imaging of long-and short-axis stacks from base to apex for volumetric analysis of the right ventricle in the two-chamber view, the RVOT and pulmonary arteries. Phase-contrast flow-mapping was acquired in-plane for the RVOT view, and through-plane over the pulmonary and aortic valve.
Post-processing volumetric analysis was done with the use of the Argus software (Siemens, Erlangen, Germany) on the short-axis stack, by semiautomated endocardial delineation of LV and RV wall at end-diastole and end-systole. In a second phase, the RV sinus and RVOT were traced separately, using the septo-parietal bands as the anatomical landmark [4, 5] . The sinus component comprised the tricuspid inlet and the trabeculated apical part to the septoparietal muscles distally. The RVOT component extended from the defined landmark to the position of the pulmonary valve remnants or the presumed transition to the native pulmonary root (Fig. 1) . Accordingly, the end-diastolic and end-systolic volumes of both components were determined, with subsequent calculation of the stroke volume and the ejection fraction (EF). All volume data were indexed to the body surface area. The volume measurements were done by two investigators blinded to the clinical outcome.
The assessment of the pulmonary regurgitation fraction (PRF) was based on the ratio of pulmonary retrograde to antegrade flow volume, expressed as percentage. Based on the fast field cine images with alignment to the RVOT and pulmonary trunk, dynamic evaluation of the RVOT allowed one to define the extent of the RVOT akinesia as the curvilinear distance from the contractile muscular free wall of the RV sinus to the end of the fibrotic patch at the RVOT. The posterior part of the pulmonary valve annulus remnant was identified unequivocally as a small indentation between the RVOT and the pulmonary trunk, often at the origin of the regurgitant jet. In none of the patients, major calcifications of the RVOT patch were observed. All subtracted and native angiographic images as well as the 3-dimensional whole heart dataset are viewed and evaluated in a 3D image analysis tool.
Cardiopulmonary exercise testing
Cardiopulmonary exercise test was performed on an electronically braked cycle ergometer (Ergoselect 100K, Ergoline, Germany) with a continuous gradual increment of workload adjusted for each patient according to the method of Wasserman et al. [6] . All subjects were encouraged to exercise until exhaustion or notice of any adverse event. A 12-lead electrocardiogram (ECG, Marquette, GE Healthcare, UK) and pulse oximetry (Radical, Masimo Corp., US or Accutor Plus, Masimo Corp., Irvine, CA, USA) were recorded continuously throughout the test. Cuff blood pressure was measured every 3 min (Tango, SunTech Medical, Morrisville, NC, USA). A breath-by-breath gas-exchange analysis was made using a calibrated expiratory gas analysis system (Oxycon Pro, Jaeger, CareFusion Corporation, San Diego, CA, USA). With this method, the highest 30-s average of oxygen consumption during the last phase of exercise was defined as the peak VO 2 . Predicted values were obtained from established values from age-and sex-matched controls, and expressed as the percentage of the predicted peak VO 2 [6] . A % predicted peak VO 2 < 85% was identified as subnormal exercise capacity. Minute ventilation (VE, y-axis) and carbon dioxide production (VCO 2 , x-axis) were plotted in a curve and its slope VE/VCO 2 was defined as an index of gas-exchange efficiency during exercise. (HR) variation was obtained from ECG recordings. HR at recovery was defined as the HR at 5 min after cessation of exercise. HR reserve was calculated as the difference between the maximal HR and the HR at rest. HR recovery represented the difference between the maximal HR and the HR at the determined recovery time point. Using the formula of Astrand to define the predicted maximum HR, the chronotropic index was calculated as ( peak HR-baseline HR)/(220-age-baseline HR) [7, 8] .
Statistical analysis
Data distribution was tested for normality by the KolmogorovSmirnov test. Continuous data are presented as mean ± standard deviation or median (range) for, respectively, parametric and nonparametric distributed variables. Categorical data are expressed as number and frequency. The relationship between indices of exercise function and CMRI-derived cardiac function variables was assessed by Pearson's or Spearman's rank correlation analysis. Multivariate linear regression analysis was used to evaluate the independent effect of patient-and procedure-related factors and cardiac function parameters on exercise capacity. Based on the heterogenous distribution of the time interval between date of primary correction and date of CMRI examination, this variable was entered into a stepwise linear regression model after adjustment by the weighted least squares method. Accordingly, risk factor analysis of impaired exercise capacity was achieved by binary logistic regression (backward likelihood ratio method), with correction for time interval variability.
Comparison of continuous data between groups with normal and impaired exercise performance was done by an unpaired t-test or Mann-Whitney U-test, as appropriate. Between-group comparison of dichotomous parameters was done by Fisher's exact test. Validation of the interobserver agreement between CMRI-derived global RV volume and the summation of regional RV volumes was based on the method of Bland-Altmann.
Statistical analysis was performed with the SPSS 20.0 software (SPSS, Inc., Chicago, IL, USA). A two-sided P-value of <0.05 was considered significant.
RESULTS
Patient population
Forty-two patients fullfilled the inclusion criteria and were entered into the study. The study cohort yielded a time span for inclusion from May 2003 to June 2012. The patient characteristics are given in Table 1 . As the study population covered the transition era between a transventricular repair performed before 1990 and a transatrial-transpulmonary repair used routinely since 1993, the follow-up interval of the former group at the time of study inclusion was significantly higher compared with the latter group: 29.0 ± 7.0 vs 11.5 ± 3.6 years (P < 0.001).
Exercise performance
The results of exercise testing are depicted in Table 2 . Correlation analysis showed a consistent association between the achieved % of predicted capacity based on peak VO 2 measurement and the VE/VCO 2 slope (r = −0.54, P = 0.001), the maximal HR (r = 0.64, P < 0.001), the HR reserve (r = 0.32, P = 0.04), the chronotropic index (r = 0.38, P = 0.02) and the HR recovery (r = 0.47, P = 0.002). Consequently, patients with subnormal exercise function had prominent chronotropic incompetence, with a lower maximal HR (155 ± 18 bpm vs 175 ± 12 bpm, P = 0.001), decreased HR reserve (77 ± 16 bpm vs 88 ± 15 bpm, P = 0.03) and lower chronotropic index (0.70 ± 0.13 vs 0.78 ± 0.11, P = 0.05). The difference in HR recovery was not significant (52 ± 18 bpm vs 60 ± 23 bpm, P = 0.22).
Ten of the 17 patients with impaired exercise testing were also clinically symptomatic, and were later referred for pulmonary valve implantation.
Assessment of regional dysfunction in relation to global systolic right ventricular function
Measurement of the RV volume by summation of the sinus and RVOT components correlated closely with the standard global RV volume calculation RVEDV (r = 0.98, P < 0.0001) and RVESV (r = 0.97, P < 0.0001), with good interobserver agreement on both measurements for RVEDV (mean bias: 2.89 ± 16.88 ml) and RVESV (mean bias: −0.91 ± 13.50 ml).
All CMRI-derived RV and left ventricular (LV) function data are given in Table 3 . The global RV systolic function is lower in comparison with the RV sinus function (RV-EF: 52 ± 12% vs Sinus-EF: 58 ± 10%, P < 0.001), due to the negative effect of commonly decreased RVOT function (RVOT-EF: 35 ± 17%). In all patients, the sinus and the RVOT volume attributed, respectively, for 79 ± 8% and 21 ± 8% to the global RV end-diastolic volume, and 72 ± 11 and 28 ± 11% to the global RV end-systolic volume. Regardless of the type of surgical repair, the systolic function of the sinus component was significantly better than the global RV function (mean difference of 8 ± 4%, P < 0.001 and 3 ± 2%, P < 0.001 for, respectively, TV and TA repair). Hence, the decreased global RVEF after TV repair was due to both worse RVOT function (TV repair: 22 ± 13% vs TA repair: 47 ± 10%, P < 0.001) and worse sinus function (TV repair: 51 ± 8% vs TA repair: 63 ± 9%, P < 0.001) (Fig. 2) .
Increased PRF was significantly associated with dilatation of both the sinus (EDV: r = 0.58, P < 0.001 and ESV: r = 0.50, P < 0.001) and RVOT components (EDV: r = 0.56, P < 0.001 and ESV: r = 0.51, P < 0.001), but not with systolic function of the components: sinus-EF (r = −0.23, P = 0.14) and RVOT-EF (r = −0.26, P = 0.10). In contrast, the extent of RVOT akinesia correlated negatively with both sinus-EF (r = −0.48, P = 0.001) and RVOT-EF (r = −0.70, P < 0.0001), but did not correlate with the PRF (r = 0.29, P = 0.06).
Regarding the LV function, LV ejection fraction (LVEF) was significantly associated with decreased RV function (sinus-EF: r = 0.43, P = 0.005; RVOT-EF: r = 0.56, P < 0.0001; and global RV-EF: r = 0.54, P < 0.0001).
Effects of regional right ventricular dysfunction on exercise performance
Percentage predicted peak VO 2 correlated better with sinus-EF (r = 0.51, P = 0.001) than with RVOT-EF (r = 0.43, P = 0.005) and global RV-EF (r = 0.45, P = 0.004) (Fig. 3) . Based on the use of 
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end-diastolic volume for the size of the RV components, a significant association was only found with RVOT size (EDV: r = −0.39, P = 0.013), but not with size of the sinus component (EDV: r = −0.13, P = 0.43) nor global RV dilatation (EDV: r = −0.06, P = 0.71). There was no relationship between % predicted peak VO 2 and PRF (r = −0.047, P = 0.39). The correlation between exercise capacity and LV function (LVEF: r = 0.30, P = 0.06) was not significant. Multivariate stepwise linear regression analysis, with adjustment for differences in the follow-up interval, revealed sinus-EF and extent of RVOT akinesia to be main determinants of % predicted peak VO 2 (Table 4) . Seventeen patients (43%) had subnormal exercise performance, that is, in 13 (65%) and 4 (20%) patients after TV and TA repair (P = 0.01), respectively. Compared with patients with normal exercise capacity, they had worse global RV-EF due to both decreased RVOT-EF and sinus-EF as well as lower LVEF (Table 3) . Multivariate logistic regression analysis with adjustment for time interval variability demonstrated only a TV type of repair as the main determinant of poor exercise performance (OR 6.0, 95% CI 1.31-17.3, P = 0.02), by combining lower sinus-EF (TV repair: 51 ± 8% vs TA repair: 63 ± 9%, P < 0.001) and lower RVOT-EF (TV repair: 22 ± 13% vs TA repair: 47 ± 10%, P < 0.001), as well as impaired LVEF (TV repair: 60 ± 9 vs TA repair: 69 ± 7%, P < 0.001).
DISCUSSION
Long-term surveillance after repair of ToF is focused on the timely detection of RV dysfunction to indicate the need for pulmonary valve implantation, and is usually based on the measurement of severity of pulmonary regurgitation and global RV size by echocardiography and CMRI, assessment of clinical functional status by exercise testing and follow-up of proarrhythmogenic indicators such as increased QRS duration [9, 10] .
To clarify the discrepancy between the residual haemodynamic abnormalities of the RV and the clinical performance in these patients, the relation between CMRI parameters and exercise capacity has been examined in only a few studies [11] [12] [13] . Assessing global RV function, RV ejection fraction was the strongest predictor of percentage of predicted peak VO 2 , independent of RV size, PRF and systolic LV function [11, 12] . The Boston group also demonstrated that greater regional dysfunction of the RVOT adversely affected both global RV function and exercise function [13] .
Through separate quantitative functional analyses of the anatomical RV components, i.e. sinus and outflow parts, our study has shown that this conceptual approach reflects more appropriately the real RV function after ToF repair, as the commonly depressed or even absent contractile function of the RVOT usually results in underestimation of global RV function. In addition, the systolic function of the RV sinus component appears to be a better predictor of the exercise performance of these patients, supporting the usefulness of such more refined analysis of the RV during the late follow-up of ToF patients. Lytrivi et al. [4] revealed an equivalent conclusion in a ToF population with a wider age variation of 2-42 years, as they found globally a preserved sinus-EF of 43-64%, in a range comparable with healthy control subjects. Moreover, the relevance of the sinus component on clinical performance is certainly pertinent and corresponds to the findings of Bodhey et al. [5] on the functional analysis of the tripartite RV in ToF patients, showing that the trabecular part constitutes the major driving force of the RV and provides most accommodation to the chronic volume overload.
Otherwise, greater regional dysfunction at the RVOT, quantified by both ejection fraction as well as by extent and displacement of dyskinetic area, was the predominant factor affecting exercise capacity in the series of Wald et al. [13] . According to their results, the extent of RVOT akinesia was another independent but negative predictor of exercise tolerance in our study. Here, the technique of primary ToF repair has indirectly caused interference as a transventricular approach induced worse RVOT function by the use of larger RVOT patches, in comparison with the more contemporarily operated patients. However, since the time from ToF repair to study inclusion was identical to their study, ranging between 8 and 45 years, it remains questionable whether this technical issue was underestimated in their analysis by including patients with probably different physiological loading conditions, as those treated with a RV-PA conduit or with a minimal PRF of 3%.
Our data revealed a poor correlation between exercise function and size of the RV, except for the RVOT component. This is comprehensible as the end-diastolic and end-systolic volume are approximating, depending on the extent of the RVOT patch. However, the systolic function of the RV, and in particular the sinus component, seems more reliable than the degree of dilatation and the severity of pulmonary insufficiency. This additionally subscribes to the superior of the end-systolic volume over the end-diastolic volume for the serial follow-up of RV function.
Specific subgroup analysis concerning exercise capacity demonstrated that the type of ToF repair was the main determinant of subnormal exercise performance, indicated by a predicted peak VO 2 < 85%. In relation to the CMRI data, this group had worse RV function by both depressed sinus-EF and RVOT-EF. Although this patient cohort also had inferior LV function, it is difficult to assume that an LVEF averaging 60% is responsible for the decreased exercise tolerance. In addition to the potential influence of the inter-ventricular functional dependency, other discriminants have to be considered such as the proven time-related deterioration of exercise capacity and the reciprocal interactive effect of chronotropic incompetence [8, 14] .
Clinical implications
Unless there is evidence of heart failure symptoms or malignant arrhythmia, current management to restore RV function by implantation of a pulmonary valve in patients with repaired ToF is based on determination of global RV volumes. However, several studies have reported conflicting results from complete normalization of RV size to lack of improvement of RV function, still keeping up the debate on the timing of RVOT valvulation [15] [16] [17] . Perhaps, one of the reasons for these inconsistent results is related to the fact that most studies have been performed on patients treated in former eras, including a variety of surgical techniques for RVOT relief-from pulmonary valvotomy to extensive RV patches and RVOT conduits-and different gradations of combined volume-and/or pressure overload sequelae. In addition, investigation of the RV remodelling in these studies has usually been based on the whole RV as one anatomical entity. However, it is obvious to assume the prognostic difference in recovery of RV function after pulmonary valve implantation between two RVs of equal volume with equal degree of pulmonary regurgitation; whereas in the first case the RVOT component is aneurysmal and contributes strongly to the global RV volume, in the second case, most of the dilatation process has already involved the sinus part, but preserved RVOT function. By individual functional quantification of the main RV components, our method might be more appropriate to further elucidate this decision-making process. The large akinetic RVOT commonly increases the global RV volume, inducing underestimation of the real RV function, as it probably also affects the contractile properties of the adjacent segments involved in the remodelling process. Hence, the function of the sinus part might represent a more reliable determination of the intrinsic RV function, and correlates best with the clinical functional status. The relevance of this contribution has recently been confirmed by Alghamdi et al. [18] who identified that the longitudinal strain at the base of the RV, remote from the RVOT, was a stronger predictor of exercise performance than other echocardiographic or CMRI-derived measurements. The precise role of this specific assessment has yet to be confirmed as CMRI is still indispensable in the work-up of the repaired ToF patient, for delineation of global RV volume and function as well as of RVOT morphology.
Basically, there are some similarities with the concept and management of the postinfarction LV remodelling. The extent of the scarred aneurysm adversely affects LV size and function, and is certainly useful to guide the decision for surgical therapy [19, 20] . But it is the contractile performance of the remote, intrinsically undiseased myocardium that best predicts the functional outcome after surgical ventricular restoration, and so helps to improve patient selection [21] .
Our data also underscore the statements of Wald et al. [13] on the therapeutical implications, that extensive resection of the akinetic RVOT segments should be performed in addition to pulmonary valve insertion, for maximal functional recovery of the RV. Subsequently, it is conceivable that the particular patients with a prominent post-surgically scarred RVOT will benefit more from a surgical approach with additional operative RVOT remodelling than from isolated transcatheter valve implantation.
Study limitations
As a consequence of the retrospective design, the studied patient cohort is subjected to bias. It is plausible that only those patients who had a specific indication, either by clinical, electrophysiological or echocardiographic examination, were included to undergo CMRI. Hence, the patient characteristics of our study are comparable with others, and incorporate a cohort of ToF patients treated within a time span involving a transition of surgical eras from a transventricular to the more actual transatrial-transpulmonary correction [5, [11] [12] [13] . Although the type of surgical approach was entered as a study variable, it remains difficult to differentiate the effect of the repair technique from the time effect that the RV has been exposed to pathological loading conditions. However, potential confounders were minimized by correlating the CMRI-derived RV parameters with the individual age-adjusted exercise function. Nonetheless, we feel confident that the sinus part of the RV corresponds best to the intrinsic RV function, irrespective of the kind of RVOT repair, emphasizing the usefulness of a differential and more refined functional analysis of the RV.
In this study, only the effect of purely chronic volume overload after ToF repair was analysed, and might not be completely representative of the ToF spectrum by excluding patients with significant residual obstruction at the ventricular and/or pulmonary arterial level.
CONCLUSION
After repair of ToF, the right ventricle is challenged by the kind of RVOT reconstruction and its subsequent long-term physiological effects. Through separate functional analysis of the anatomical RV components, this study has demonstrated that the global RV function is commonly underestimated, depending on the extent of RVOT dysfunction. The systolic function of the RV sinus appears to be a more reliable determinant of the intrinsic RV performance, by better predicting the exercise capacity of the individual patient. Further validation in larger scale studies is needed to postulate whether this method of RV analysis is more appropriate than the assessment of global RV volumes for timely detection of early RV dysfunction in order to initiate subsequent pulmonary valve implantation with eventual associated surgical RVOT remodelling.
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